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Hadron structure Is de6crlbed

~sT~cT

in the framework in vhich a nucleon is

treated a~ a composite 8ystem of three valence qumrk clusters, called valons.

Their ❑omentum distribution is extracted from deep inelastic scatterinfidata.

The valon representation provides a qumntitatlvs description of the recom-

bination function, which characterize the hadronization of quarks. A

formalism is then develGped in terms of valo]~sand quarks such th~t the

inclusive distributions for hadronic reactiona at low-p,rcun bv calcul~ted

vithout free parameters.

+
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I. INTRODUCTION

In applying the quark-parton model to the description of low-pT hadronic

reactions, some of the questions one should beer in mind are: Is the con-

stituent picture leliable when there is no lnrge Q2 in the problem? Are

the relevant quarks the so-called “constituent quarks” in the quark model,

or are they the “current quarks” as probed in electroproduction? How do the

quarks hadronize? Any treatment of’10V-PT Physics in the framework

must grovide some answers to these questions.

There are hints tk.t suggest the relevance of the quark-parton

The observation by Ochsl that (x/rY)(dCI/dx)at low-pT looks similar

of quarks

model.

to

‘J!: :A;
2

is certainly suggestive. The recombination model provides further
2,3

Eupport at a quantitativelevel. In the fragmentation region of one of the

incident particles, the hadrons produced have a distribution that depends

only on the natlre of the fragmenting hadrons, and not the other. In the

frsm:work of tlu’quark-pnrton model the fra~ent,ation process is to be

described in terins of quurks in the intermediate state between the initiul

hudron and tkc final detected particle. It therefore means that we must at

lenot know hddron structure au the firct purt of the proces~ as well as qunrk

hadronizatlon aG the f’inaJpart of the proces~. What Roes on in betwce:lis

the effect of t.tlecollislon.

In tlm followitigwv shun firnt discuus the problcm of structure UIId

ll!l(l~-~>llizfltlol]whlgh ure Intlmntely relutxd once the proper rcprc~crltntioni~

ft)llfld. It 19 here thut the valonfiplny u crucinl role. l’hcproblem or IOW-IJT

reucLlonH in thr l%wgnentmtlcm reg~on is then furmu.luted. m result of’u
+

spceif’lccalculntlon for proton i’rugrncntln~into n n wII1 bv prcsentcci.

It ::hou]dbe mcntlnned thn.tthu rv.l~t~onohipbetween our up])ronchkrc
1/

w}ll~llin l~:l~~cullyrccl>mbin[ltit>nl~nlith(~apF)rfJ[ich or LIAWJ, Ornuy. Und i~ut’]rly

(TAM) whlullin basicILllYfrugmvutution in nt thr present.Rtngu WI open

qucotion. Our uppronch Iu conflnd tc)the frn~rncnt~tiorire~iont whiJ(’t,ll(’

LAX;/Approuchin nn cxtennlon from the centru] re~lon (where l{e~~etheory i:l

used) to thu frwgnrntut{.m region un.tnp,n ]dmnomemlofilcal fragmentutlon

function without uddrrullln~:tiv’!Jnnlequestions ccmccrnin~ hadronlzntjon.

Ii. IIAJ.NNCTHUCTUNE

In the quurk m~whslor bILRmodel nujtublc for describing bounri-ntatf)

problems, there mrr ml y thrcv (conntiturnt) quarkn in a proton, In the pnrton
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model suitablefor describingdeep-inelastic scatteringprocesses,there

me threevalencequarks pluE an infinityof sea quarks and gluon~. How

can thesetw picures of the nucleon be reconciled? A host of people5 have

suggested the idea that the constituent quarkb are cluster~ of partons

(quarks, antiquwko, and gluona)or dressedquarkn. For brevityas well as

?o~ emphasisthat they are not the point-likequarks probedin deep.inelastic

scattering,we shallreferto thesevalencequark clusters as valons. Later

in our discussion

valons, which may

physicallywemay

problem.

\ : shallgive a more

differsomewhatfrom

think of them as the

prectse mathematicaldefinitionof the

other definitions in Hef.5. But

constituent quarks in the bcund-state

It has sametlmes been askedfrom the standpointof the parton model why

8 nucleon should have only three clutatersof partona. Why not more7 Why

shouldn’ttherebe gluonclusters? The answeris, of course, that We are

primarily interested in building B bridge between the bound-state and

scattering problems. Frum the parton model alone one wouldn’t know that

there are only three. The picture can be6t be described by considering

instead the deuteron problem for a moment. A first-order view (in sow? sense)

of the deuteron in that it han u prol.on and a neutron. Piono that are

exchanged between the nucleons to provide the bindinghr(’not regarded 8:;n

third conm?ituent or clustur 0!’pionu, ThF wave flmcitnn of th~ deutcron

in terms of the nuclconn alone dcscribcs thr bindinirrfft’ctwithol.texplicit

reference to the pion glue. This picture iu, of course, incomplete cupccially

at ohort d; Ice between the nucloons. ?ht gcnerully the pluturf’ is ude-

quate, i.e. ~hc proton-neutron %ck spacu lU nmrly Cm Iotc fclrtht’de-

scription the dcutcron. It is nultublu cvcu for ucuttcrlnl:ut high energy

so long an the cornpoultcnutum of the nucloons Is rcco~tlizedt Indeed, it

~k:this picture of the dcuteron thut provldr!~thw detcrfulnu!,iond’ the

otructurc function Ue the ntwLrou In hep-lnclnnt,lr e-d scntterirlgr

The situmt~on in very glmllur in the cunr u!*thu ni.cleonntructurc. A

nucleon hm three vmlonnt the detn~1 lnt.urnn]:Itructurc uf whfeh rhnnot bc~

reoolVd iat low Q;’, The prol)mbllit,yf’ora vulon to hn-~rmomvntum Fruction

y in Lhu hadron (nuclron) in (lv,}l(y).in ~il’t~ll-ll]~’lllntlcucnt,tcringLhc

virtual photon ut high Q;’ hun thr rrnolutiorlto prcdlrl.hupmrtona in u

vulon, the structure fmctlun of whirl]IS denotrd by FV(Z,Q?). If Q:’ la

hi~h enou@l, the bindin~energy of Lhr vulunu 10 nmnll (’(mipurcd !.o Q;’, so w
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may use impulse approximation to

inelastic process and write the

corlvolutior16’7’8

Fh(x,Q2) =

justify the neglect of spectators In a deep-

atructure function of the nucleon es a

1

z~ W Gv,h(Y) Fv(x/YA2)

v

(2.1)

x

If we have reliably solved the bound-state pro%lem of the nucleon, we would

know GV,h(y)g Using perturbative QCD we can determine Fv(x/y,Q2) at high
~?,

Combining the two in (2.1) would then enable us to determine the nucleon

structure fun:tion from fi-st principle, Unfortunati,Jy,the confinement

problem is still unsolved, an] the so-called “hadronic complication” remains

untractable. However, we can turn the procedure around by usin~ the experi-

mental data for Fh(X,Q2) as input and derive through (2.1) n semi-phe-

nomenological description for G
Vlh(y)”

Th.t is what we have done7-9 usin[!

muon as WC1las neutrinoscatterin~data at hi~h Q2 as input..

For detail~ (II”the extraction of G“,ll(Y) the reuder in referr%l to

Rcfu.7-!l. Before the results are exhlbitcd, it is Importunt to ~tate the

approximutlon ❑ade so that the mnthcmut.lcalrlet~nitionof the vulnn~ curlbc:

made precise. In apply~ng (2.1) we huve used only the leading-order ru~ult

for F“(z,Q2). !l’hut19, for the ❑oment:] Mv(n,Q2) of Fv(z,Q;’) wc huvv U:M4

for the nonuin~let part

()-dN:;
M;:;(u,Q;’)= CXJ) ~1 n (:’.:’)

JJ:;
whcru is the nnomu]oun dimencijorruwl ~ i;]thr rvuIutlon Imrumt.er

n

The sln@ct pnrt I,znn comhlnnt.lonof exponnntlulu M Irl(?.?). For uurr(IOr

d16cusaion let un f(x:uoonly on tho ncrn-.oin~lctcom]~otl~’llt,)}lrru.Ih’(!llutlf’of’

non-lending order und higllcr-twlut,rontrlbut~onu, h$fi(ll,~i”) devintuu from

the form given in (2.:?)when Qp iu amnll.. But when Q;’in large, th(’

exponontid form in (2.2) 19 rpllnbleo We ad~u~t Q;
A?and ouch thnL

the data aL high Q2 cnn bc fittmi. According to (2.1) GV/*,(Y) iE to b,!

identified with Fh(y) if FV(Z,Q;’)in 6(z - 1). The ‘15fun~tion in Junt

Wtlnt ~,;(n tQp) would correnpoi,dto (j,e. equnl to one for nll n) 11’(;’.?)



. . . .,-,; - ,-.-m.m

la extrapolatedto Q2 = ~ . Thus the valom tue effectiveconetituentaof

the hadronat $, effectivein the precl~e~ensethat leading-orderex-

preaalonssuch as (2.2)are extrapolatedto $ (beyonditaregion ofvalidity).

Sincethereexistsno reliablemethodto extrapolate accurately to the luu

Q2 regionwithoutfirstsolvingthe confinement problem (which is what we

want to circumvent)the inclusionoi’the next-to-the-leading+rderterms In

(2.2)vmld considerablycomplicatethe matterwithoutyieldinga more

Illmninatingdescriptionof the constituentquarka. Since ~ turnsout to

be 0.8 0eV9 which iE quitereasonable(largerthan the inversesize of the

nucleonbut smallerthan the onsetof precociousscaling)~the valonsde-

Vih(y) maY be thoughtof aa an approximationof the conatltcent~cribedby G

tJIM ka . The importantpoint la that the wave functionof the nucleonin

termsof the valons,or more preciselyita abaoluteaquar~,is mathematically

defined by (2.1) and (2.2), and can bc extracted frcnzdatb.

He now give the result.? Let the ●xcl~ive three-valon distribution in

a proton hmre the form

(Y BY ,y ,! - dYlY2rY: 6(Y1 + Y2 + Y3 - 1) 9%uD/p 1 2 3 ..

wh~src’a lo a normalization con~tant that iEIl’lxedby

s

(..4)

(?.5)

All hiRh-Q2dntm (Q2 > ?0 GeV2) on deep-inclfmtic m, m, WN nnd ~N~c~tter~nt?

hmn? been Mtted by

Qo = o.ncuv , A ● 0.65 Gc!V , (2.6!

rL- 0.6> , lJ=o,35 . (:’.7)

Ew.(2,6) ml (9.7) dc~cr~be two ::(’pmrntc uopecto cd’ the Vm]onn: ($J Riven

UI dt.imute of the effectivr.Bizc of thv vnlcwm,while a and b apeclfy

the momcnturndlrrtr~butfon of Lhl~ valor]n. We shml.[ uric (:.!.6) for all vnlcm

regurdlcnnof the type of hadr!mthey nrr ln, hut the vulue~of n and b

obviouslywill depend on the purtlculnr lIIdfmIJII.

-5-



The single-vnlon inclusive distribution is obtained from (2,4) by

integrating out the tm unspecified y variables. The result is

‘u/p(Y) = 7.98 yO’65 (1 - Y)2 ,

(y) = 6.01 yO-35 (1 -Y)2”3 .
‘D/p

(2.8a)

(2.8b)

The two-valon inclusive distribution can be even more simply obtained by

mnking one trivial integration. If the valons have no internal motion in the

proton, then the G functions in (2.8) should be proportional to 6(Y - 1/3).

The fact that they are so widelyspreadout indicatesthat the binding

effects are not negligible. Yet, the ability to fit all high-Q2 data Implies

that (2.1) is sensible; hence, the impulse approximation contained in (2.1)

must be approximately ‘“&lidat such high Q2 despite the significant binding

effect on the valon distributions.

It should be remarked that (2.8) should not be trusted in the y ~ 1

limit because theoretically the off-mass-shell effects have not been taken

into account ar.dexpertientally the data fitted are only for moments with

n < 100 But in the bulk of the y range our result shouId be a reliable

description of I<UUD]P>12 . Note that, as implied earlier, the three valon

state is a nearly complete description of the proton. This isto be contrasted

from the behavior in the x ~ 1 limit where the Fock state containing three

quarks <uudl becomes more important,than the other states with more quarka.10

Because the kinematical region and the constituents are different from o~lrs,

the large-x behavior of l<uudlI’>12bssed on counting rule nhould not bear

any resemblance to (2.8).

For the plot we can derive the valon distribution from the pion structure

function inferred from lepton-puir production data,
11

at least over the region

of x for which the higher-tw~st effects
12,13

are nut impwtant. It has

been fougd14 that the pion structure functi~n can be well fitted by use of

a va.londistribution tha+ hae the simple form

Gv,m(y) = 1 . (209)

This is a ncn-trivial phenomenological result even though it ~eem~ to be n

trivial solutim of the sum rules

-.()-



1

/

Gv,n(y)dy = 1 , (2.108)

‘o

.L

f
GV,=(Y)YN = 1/2 .

0

(2.10b)

It can easily be verified that any expression of the form d ya(l - y)a can

satisfy both of (2.10).

To summarize what has been discussed so far, we have found a valon

representation for the description of the hadron. In terms of quarks and

gluons at high Q2 the wave function <q...,,g..,g...lP> is untractable since

the different parton-number states in the entire Fock space are all important.

In terms of valons at low Q2 the wave function <UUD]~> is simple. Its

relatimship to the parton inclusive distribution at high Q2 is made calcu- ,

lable in QCD by virtue of the definition of the valons, i.e. leading-order

evolution in Q2.

III. HADRONIZATION OF QUARKS

The problem of hadronlzation of quarks has thus far been studied only in

the recombination model.2,8,15 In the early version2 the recombination

function was discussed in the colhext of counting rule.16
But the extent of

its validlty was uncertain except that it yielded a sensible rcnult. More-

over, the normalization was unspecified and the role of gluonsignored.

Clearly, a more thorough study of the hadronization problem Is needed.

The availability of a valon repreeentat~on for the hbdron facilitates a

quantitative description of the hadronization problem. The knowledge of’the

proton wave function in terms of the valons cUUDIP> obviously implies a

knowledge of the recombination functiorlfrom valons to proton i<PlUUD>12.

Similarly, for pion formation we would have [<n+l~>12 Definin~ R to be●

the probability for recombination in invariant phase space, we ther.have8,15

from (2,9)and (2.h)

-7-



RN(x1,x2,x3,x) = #(~Y’2@+>+>-1) ,(3.2)

where in (3.2) we have neglected flavor dependence, i.e. setting a=b=l/2 in

(2.4). Note that not only is the dependence on xl and X2 in (3.1)exactly

as suggested in Ref.2, the normalization is now fixed.

Because the valons are parton clusters that include gluons, the role of

gluons in recombination is therefore not ignored. It then seems that the

burden IS on the determination of the valon distribution in a process Just

before hadronization. However, it is only necessary to calculate the quark

and antiquark distribution (for the production of pions) because a quark (or

antiquark) can in time dress itself up by virtual processes and turn into

a valon with the same maentum. Since the convoll%ion integral that describes

hadronization in the recombination model involves i~tegration over momenta of

+.herecombining constituents, it does not ~tt.er whether we c&Ll them qu~ks

or valoiis: the same momentum dist~ibution is involved.

We have tested the recombination mechanism by calculating the quark

fragmentation function in e+e- annihilation processes using perturbative QCD

to determine the qti distribution in a quark jet and then (3.1) for hadroni-

zation. The result
15

agrees well with data, and represents a first successful

attempt to describe quark fragmentation process all the way to the hadron

level. Since no adjustable parameters have been used, it gives a good check

of the recombination model for hadronization, certainly Fecessary if not

sufficient.

In the calculation described above the contribution due to resonance

decay has been added by hand according to known procedure
1?

developed for

familiar hadronlc reactions. It would be more preferable if resonance pro-

duction can be independently calculated in the recombination model. However,

the correspondin~ recombination function ia un~vailable. What is needciiis

an analysis of the inclusive n distribution in photoproduction and by use of

the reccsnbination

same way that the

The recombination

inpo

model determine the structure function of p in Just the
18

structure function of n and K hwe been determined.

function for p then follows from the valon distribution

-8-



IV. LOW-pT REACTIONS

The stage is now set for treating the low-pT problem. We cannot delay

%rther the first question askeq at the”beginnlng: is the constituentpicture

~eliable when there is no large Q2 in the problan? We ha~s already made

~rogress toward answering this question by showing the relevance of valons.

Before collision an incident hadron can be described by wave function in

terms of the valons. After colJi~ion hadronization takes place also from the

valcmB. The central question now iB how the initial valons turn into a multi-

tude of l’inalvalcns. In the fragmentation region of one incident particle

the other incident particle is not relevant by virtue of short-range corre-

lation in parton rapidity. Thus we ask how three valona (in the case of

proton) break up into partons which dress themselves up after a long time to

become many valons. Since we confine our attention to the fra~entation

region, we need not be specific about what takes place in the central region; .

color separation may cr may not be an important mechanism. We need only

recognize that the bags are broken upon col.ision, and the unknown confinement

m(?Ch8nidmthat keeps the three valons as distinct entities in the static

problem is no longer operative. The partons in each valon which are originally

virtual in the static problem become on-shell and take on definite

world lines in accordance to their momentum distributions in the valon, which

in turn has a momentum distribution in the iuitial hadron. The partons in

the fragmenttitionregion are all very near the ljght cone at high energies

and the time scale involved for hadronization is highly dilated in the cm.

system. What we need is the parton distribution in the valons.

Is it meaningful to discuss parton distribution without being at high

Q2? The question can best be approached first on phenomenological grounds.

We know that even for Q2 in the 1 - 3 GeV2 range in the early days of

electroporoductionexperiments at MAC, “precocious” scaling was already

found for VW2(X), even though theoretically there was no compelling reason

for it to be SG. At higher Q2 the modification on VW2(X) i~ only of order

logQ2 correction which is culcuJnble in perturbative QCD. What the

phenomenology reveals for us is that there is a primitive parton distribution

which is not calculable at present and khich gives rise to the observed

vW.(X) at low Q2 where the parton model itself may be questionable ELS

or;g~nally formulated. We venture to

usual basis that the interaction time

use parton ]~odelat low Q2 not on the

is short compared to the lifetime of a

-9-



parton in a particular state, but rather on the following basis, Each valon

has a pr~tive parton distribution, which spread out over a wide range in

the re.pidityapace because of soft gluon radiation. Hadronization, however,

occurs in a limited range in rapidity space for each detected hadron. Thu3

in calculating inclusive cross Sfction one is essentially focussing on a

;arrow region in rapidity, ignoring whatever that goes on in the rest of the

rapidity apace. This is very akin to the impulse approximation which gives

justification for ignoring the response of the residual system. Indeed,

there are models which give a close relationship between rapidity and time.

Short-range par-toninteraction in rapidity therefore Justifies the discussion

of partons at low Q:. The assumption of the existence of an unive-sal

primitive ~arton distribution in every valon then enables us to express th~~

parton distributions in a hadron by convolution integrals.

The unknown in the above description is the primitive parton distribution.

We have determined it phenomenologicallyby fitting the low Q2 data on
.

vw2(x).~

we denote

primitive

hadron is

Ouce done, there are no free parameters left in the problem. If

by P(z) the primitive single-parton distribution and P(zl,z2) the

two-parton distribution in a valon, then the q~ distribution in a

F(xl,xz) = F(1)(x1,x2) + F@ J(x1,x2) ,

1

F(1)(x1,x2) =
z~

dy Gv,h(YE’ (H) 9
v q;

‘1+ ‘2

(4.1)

(4.2)

F(2)(x1,x2)
=~2 ( ‘J j-y’ ‘2 Gvlv2/h(yl~’2)’4;)’J;).(”)

1 2

the contributions

have discussed in

Clearly, F(l) and F(2) describe separately

valon and two valona, respectively. As we

quark and ar.iiq.arkcan develop their own clusters, with Lhe

valons still having momentum fractions ‘1
and X Hence,

2“

use the recombination formul.a2

from a single

Sec.111, these

corresponding

we can directly

~g= J %dx2

(Jdx
F(xl,x2)R(xl,x2,x)— —

‘1 %
(4.4)

..1o-



in the calculation of inclusive pion distribution.

The result of our no-parameter calculation is remwrkahly good.
8

It is
13

shown in Fig.1. ,Itagrees with data over a variation of three orders of

magnitudes. It gives strong indication that the formaliam presented has

captured the essence of hadron fragmentation at low-p ,
T

Application of the formalism to various reactions involving different

beam and detected particles can readily be carried out. In particular,

attention to reactions involving kaons should lead to a determinatiorlof the
14

valon distribution in kaons.

v. DISCUSSION

It is useful”.topoint out that the formalism presented here does not

rely on detailed description of color sepq~ation irllow-pT reactions. Nor

does it make use of any quark fragmentation functions borrowed from hi&h-Q2
+-
ee annihilation data. To use phenomenological fragmentation function in

low-pT physics is to abandon any attempt to treat the hadronization problem.

The point of view of our approach is to start from the valon-puton basis in

describing inclusive reactions and hopefully to derive Regge behavior even-

tually as an output. In contrast, the fr~emtation modelh is based on dual-

topo.logical-u.notarizationdiagrams intimately related tioRegge theory. It

may be eminently sensible for describing the central region. but its extention

to the fragmentation region does not offer an elucidation of the hadronization

process. The two approaches may be complementary. Since they emphasize

different regions, unification is a possibility that cannot be ruled out.

It is of interest to point out also that the valon representation of a

hadron offers an intriguing possibility of investigating certain problems

that have thus far been mainly the concern of those solving bound-state

problems. The valon distribution is a statement about the weve function of

the hadron, but instead of solving a potential problem or the bag problem, we

have obtained it from deep inelastic scattering data. It is our hope that on

the basis of our valon distribution we can calculate such quantities as the
20

pion decay constant fn. Preliminary effort in that direction indicates

that a numerical determination of fr is not only feasible but seems to yield

a result that is close to the experimental value.

In the uea of low-pT physics the recombination model has been used to
21

calculate two-particle correlation with remarkable success, Since the two-

particle distributions reveal detailed properties of the hadronization process

-11-



in the fr~entation regicm,theymw veil pose crucialteetafor the various

models of hadronic reactionz at 10W-PT,

Another area of application for the valon-parton description of idronic

processes is the fr~ntation of the so-called “diquark” system. In n h-d

scattering process in which a quark suffers a large-mauentum-transfer

~ollis~on, the residhal parton system of the had.ronfia@nents in a completely

calculable way in tbe framework outlined here. The result of this investi-

gation will soon beccme available and should provide a stringent te~t of the

theoretical ideas when compared to experimental data which are in the process

of being analyzed.
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